In normotensive rats, stimulation of renal mechanoreceptors by an increase in ureteral pressure results in a contralateral inhibitory renorenal reflex response with contralateral natriuresis. Similar effects are produced by stimulation of renal chemoreceptors by renal pelvic perfusion with 0.9 M NaCl. However, in spontaneously hypertensive rats the renorenal reflex responses to renal mechanoreceptor and chemoreceptor stimulation are impaired. The present study was performed to examine whether the renorenal reflexes were altered in two-kidney, one clip hypertensive rats, a model of hypertension in which it has been suggested that the afferent renal nerves contribute to the enhanced peripheral sympathetic nervous activity. A 0.2 mm silver clip was placed around one renal artery 4 weeks before the study. At the time of study, mean arterial pressure was 156 ±4 mm Hg. Renal mechanoreceptor and chemoreceptor stimulation of either the nonclipped or clipped kidney failed to affect ipsilateral afferent renal nerve activity, contralateral efferent renal nerve activity, and contralateral urine flow rate and urinary sodium excretion. Renal denervation of the nonclipped kidney increased ipsilateral urinary sodium excretion from 0.65 ±0.13 to 1.50±0.42 /nmol/min/g and decreased contralateral urinary sodium excretion from 0.18 ±0.03 to 0.13 ±0.03 /tmol/min/g (p<0.05). Thus, denervation of the nonclipped kidney resulted in a similar contralateral excitatory renorenal reflex response as in normotensive rats. However, denervation of the clipped kidney increased both ipsilateral and contralateral urinary sodium excretion, from 0.14±0.04 to 0.27±0.5 jumol/min/g and from 1.29±0.33 to 2.09±0.59 ^mol/min/g (p<0.01), respectively. Taken together these data suggest that the lack of inhibitory renorenal reflexes from the clipped kidney may enhance efferent sympathetic nervous activity and thereby contribute to the hypertension in two-kidney, one clip hypertensive rats. (Hypertension 1989;14:445-452) P revious studies have shown the presence of contralateral inhibitory renorenal reflexes in normotensive Sprague-Dawley rats. 1 Stimulation of renal mechanoreceptors (MRs) by an increase in ureteral pressure or renal chemoreceptors (CRs) by renal pelvic perfusion with 0.9 M NaCl increases ipsilateral afferent renal nerve activity (ARNA), decreases contralateral efferent renal nerve activity (ERNA), and increases contralateral urine flow rate and urinary sodium excretion. The magnitude of the increase in ipsilateral ARNA and contralateral urinary sodium excretion is related to Supported by a grant from the Veterans Administration and an American Heart Association Grant-In-Aid 860603.
In normotensive rats, stimulation of renal mechanoreceptors by an increase in ureteral pressure results in a contralateral inhibitory renorenal reflex response with contralateral natriuresis. Similar effects are produced by stimulation of renal chemoreceptors by renal pelvic perfusion with 0.9 M NaCl. However, in spontaneously hypertensive rats the renorenal reflex responses to renal mechanoreceptor and chemoreceptor stimulation are impaired. The present study was performed to examine whether the renorenal reflexes were altered in two-kidney, one clip hypertensive rats, a model of hypertension in which it has been suggested that the afferent renal nerves contribute to the enhanced peripheral sympathetic nervous activity. A 0.2 mm silver clip was placed around one renal artery 4 weeks before the study. At the time of study, mean arterial pressure was 156 ±4 mm Hg. Renal mechanoreceptor and chemoreceptor stimulation of either the nonclipped or clipped kidney failed to affect ipsilateral afferent renal nerve activity, contralateral efferent renal nerve activity, and contralateral urine flow rate and urinary sodium excretion. Renal denervation of the nonclipped kidney increased ipsilateral urinary sodium excretion from 0.65 ±0.13 to 1.50±0.42 /nmol/min/g and decreased contralateral urinary sodium excretion from 0.18 ±0.03 to 0.13 ±0.03 /tmol/min/g (p<0.05). Thus, denervation of the nonclipped kidney resulted in a similar contralateral excitatory renorenal reflex response as in normotensive rats. However, denervation of the clipped kidney increased both ipsilateral and contralateral urinary sodium excretion, from 0.14±0.04 to 0.27±0.5 jumol/min/g and from 1.29±0.33 to 2.09±0.59 ^mol/min/g (p<0.01), respectively. Taken together these data suggest that the lack of inhibitory renorenal reflexes from the clipped kidney may enhance efferent sympathetic nervous activity and thereby contribute to the hypertension in two-kidney, one clip hypertensive rats. (Hypertension 1989;14:445-452) P revious studies have shown the presence of contralateral inhibitory renorenal reflexes in normotensive Sprague-Dawley rats. 1 Stimulation of renal mechanoreceptors (MRs) by an increase in ureteral pressure or renal chemoreceptors (CRs) by renal pelvic perfusion with 0.9 M NaCl increases ipsilateral afferent renal nerve activity (ARNA), decreases contralateral efferent renal nerve activity (ERNA), and increases contralateral urine flow rate and urinary sodium excretion. The magnitude of the increase in ipsilateral ARNA and contralateral urinary sodium excretion is related to the magnitude of stimulation. 2 Conversely, unilateral renal denervation results in an increase in contralateral ERNA and a decrease in contralateral urinary sodium excretion. 3 - 4 These studies suggest that the renorenal reflexes play a physiological role in the renal regulation of body fluid with each kidney exerting a tonic inhibition of the sympathetic neural outflow to the opposite kidney.
In contrast to the findings in normotensive rats, studies in spontaneously hypertensive rats (SHR) have shown that renal MR and CR stimulation fails to elicit a renorenal reflex response. 5 The findings that ipsilateral ARNA does not rise in response to renal MR and CR stimulation in SHR indicate a peripheral defect at the level of the renal sensory receptors as a cause for the attenuated renorenal reflex response. Further studies have shown that the impairment of the renorenal reflexes in SHR is related to the elevated arterial pressure. 6 Renal MR and CR stimulation elicit a renorenal reflex response in 5-6-week-old SHR in which mean arterial pressure is only slightly elevated compared with its normotensive control, the Wistar-Kyoto rat, and in adult SHR treated with captopril from 3 weeks of age to prevent the development of hypertension. An impairment of the renorenal reflexes such as that shown in adult hypertensive SHR would enhance ERNA, favor sodium and water retention, and thus potentially contribute to hypertension.
The two-kidney, one clip hypertensive rat is another model of hypertension in which peripheral sympathetic activity is enhanced. 7 ' 8 In contrast to SHR, in which the delay in the development of hypertension after renal denervation is associated with increased water and sodium excretion, 7 renal denervation of the clipped kidney significantly lowers mean arterial pressure in the absence of an increase in daily urinary sodium excretion. 8 Denervation of the nonclipped kidney is without effect on arterial pressure. The depressor effect of denervation of the clipped kidney is associated with a decrease in peripheral sympathetic nervous system activity. Similarly, in one-kidney, one clip hypertensive rats, denervation of the clipped kidney or ipsilateral dorsal rhizotomy (T 8 -L 2 ) lowers arterial pressure. 7 -9 The fall in arterial pressure is associated with a fall in hypothalamic norepinephrine content and plasma norepinephrine concentration. Taken together, these findings suggest that afferent renal nerves contribute to the hypertension in renal vascular hypertensive rats by enhancing peripheral sympathetic nervous activity.
Thus, in contrast to normotensive SpragueDawley rats in which unilateral renal denervation results in an increase in contralateral ERNA, denervation of the clipped kidney decreases peripheral sympathetic nervous system activity. Therefore, the present study was undertaken to examine whether the inhibitory renorenal reflexes present in normotensive Sprague-Dawley rats were altered in two-kidney, one clip hypertensive Sprague-Dawley rats. Renal MR and CR stimulation were performed on the clipped kidney, which was exposed to normal renal perfusion pressure, 10 and the nonclipped kidney, which was exposed to the elevated renal perfusion pressure. In addition, the effects of unilateral renal denervation of either the clipped or nonclipped kidney on contralateral urinary sodium excretion were examined.
Materials and Methods
The study was performed in male SpragueDawley rats (Harlan Sprague-Dawley, Indianapolis, Indiana). The rats (195±1 g) were anesthetized 30 ±1 days before the study with pentobarbital sodium (Nembutal, Abbott Laboratories, North Chicago, Illinois) (50 mg/kg i.p.); a left or right flank incision was made to expose the left or right renal artery, and a silver clip with a 0.2 mm diameter was placed around the left or right renal artery. Each muscle layer and skin were separately sutured and the rats were allowed to recover. At the day of the study the rats were 10-12 weeks old, and their average body weight was 333 ±5 g. Anesthesia was induced with intraperitoneally administered pentobarbital sodium, 50 mg/kg, and maintained with an intravenous infusion of 10 mg/kg/hr. Catheters were placed in the femoral artery for continuous blood pressure recordings (Statham transducer P23Db, Gould, Oxnard, California) and in the femoral vein for inulin and pentobarbital infusion. Inulin was administered initially as a bolus injection (30 mg) followed by an infusion at a rate of 1.5 mg/min in combination with pentobarbital sodium in isotonic saline at 50 ;ul/min. Heart rate was recorded with a linear cardiotachometer (Beckman 9857B, Sensor Medics, Los Angeles, California). All recordings were made on a Beckman R411 Dynograph recorder.
Left kidney was exposed through a left flank incision, and catheters were placed in both ureters for collection of urine.
Renal Mechanoreceptor Stimulation
Renal MR stimulation was performed by increasing ureteral pressure 30 ±1 mm Hg by elevation of a 50-cm-long catheter (PE-60) that was inserted into the left or right ureter and filled with the rat's own urine as previously described.
1 -2 ' 5 Ureteral pressure was recorded with a P23Db Statham transducer connected to the ureteral catheter by a T tube connector.
Renal Chemoreceptor Stimulation
Renal CRs were stimulated by a retrograde ureteropelvic perfusion with 0.9 M NaCl, as previously described.
1 -2 ' 5 ' 11 A PE-60 catheter was inserted into the left or right ureter with its tip ending at the renal pelvis. A PE-10 catheter was placed inside the PE-60 catheter with its tip extending 1-2 mm beyond the tip of the PE-60 catheter. This technique allowed complete drainage of the effluent. The renal pelvis was perfused at 25 /nl/min, a perfusion rate previously shown not to increase ureteral pressure, 1 which was recorded with a Statham P23Db transducer connected to the ureteral catheter by a T tube connector.
Recording of Renal Nerve Activity
With the use of a stereoscopic dissecting microscope, one renal nerve branch was isolated at the angle between the aorta and the left renal artery. Recordings from multifiber preparations were made by placing the renal nerve on a bipolar silver wire (Cooner Wire, Chatsworth, California) electrode. The signals were led by a high impedance probe (HP511, Grass Instr. Co., Quincy, Massachusetts) to a bandpass amplifier (P511, Grass Instr. Co.) with a high frequency cutoff at 3,000 Hz and a low frequency cutoff at 30 Hz. The signals were amplified 20,000 times. The output of the bandpass amplifier was fed to an oscilloscope (5113, Tektronix Inc., Beaverton, Oregon) and fed into a resetting voltage integrator (Beckman 9873B). Assessment of renal nerve activity was done by its pulsesynchronous rhythmicity and its abolition by load-ing of the high-pressure baroreceptors by an intravenous injection of a pressor dose of norepinephrine (2 fig) . After identification and verification of renal nerve activity, the renal nerve was sectioned, and the distal part was placed on the electrode for recording of ARNA. For recording of ERNA, the central part of the sectioned nerve was placed on the electrode. The electrode was fixed to the renal nerve with Wacker Sil-Gel 604 after the renal nerve was cut.
12 Postmortem renal nerve activity, which was assessed by crushing the sectioned renal nerve bundle peripheral (ARNA) or proximal (ERNA) to the recording electrode, was subtracted from all values of renal nerve activity.
Renal Denervation
In 22 of the 53 rats used in the study renal denervation of either left or right kidney was performed by sectioning all visible renal nerves and by stripping the renal artery and painting it with 10% phenol in absolute alcohol. This technique results in complete renal denervation as shown by total abolition of the renal vasoconstrictor response to electrical renal nerve stimulation of the ipsilateral lumbar sympathetic chain 3 and a reduction of the renal tissue norepinephrine content to 3.1% of that observed in sham-renal-denervated rats. 13 Experimental Procedure Approximately 1.5 hours were allowed to elapse between the end of surgery and start of the experiment. The study was divided into seven groups. In groups 1-4, two 20-minute experimental periods were performed during which renal MRs and CRs were stimulated at random order. Each of the experimental periods was preceded by a 20-minute control period and followed by a 20-minute recovery period. In groups 1 and 2, renal MR and CR stimulation was performed on the nonclipped kidney. Ipsilateral ARNA was recorded in six of nine rats in group 1, and contralateral ERNA in six of eight rats in group 2. In groups 3 and 4, renal MR and CR stimulation was performed on the clipped kidney. Ipsilateral ARNA was recorded in group 3 (n=8) and contralateral ERNA in group 4 (n=6). In groups 5 and 6, the experiment started with two 20-minute control periods. Then denervation was performed in either the nonclipped kidney, group 5 (n=6), or the clipped kidney, group 6 (n=ll). Two 20-minute post-denervation periods were started 20 minutes later. In group 7 (n=5), denervation of either the left or right kidney was performed in Sprague-Dawley rats that had not been previously exposed to renal artery clipping. The experimental protocol was identical to that in groups 5 and 6. Group 7 served as a control group for groups 5 and 6. Thus, in groups 5-7 no renal MR or CR stimulation was performed.
Urine was collected in 20-minute periods, and an arterial blood sample, 200 fil, was taken at the end of each period. Blood was replaced with an equal amount of saline. In groups 1-4, renal nerve activity was measured and averaged over each 20-minute control, experimental, and recovery period.
Analytical Procedure
Plasma and urine concentrations were determined with a flame photometer (model 143, Instrumentation Laboratories, Lexington, Massachusetts). Plasma and urine samples were analyzed for inulin by an anthrone method.
14 Urinary clearance of inulin was used for measurement of glomerular filtration rate. Values of glomerular filtration rate, urine flow rate, and urinary sodium excretion are expressed per gram kidney weight.
Statistical Analysis
In groups 1-4, the effects of renal MR and CR stimulation on systemic hemodynamics and renal function were evaluated by comparison of the experimental value with the average of the control and recovery values. In groups 5-7, the average of the two postdenervation values was compared with the average of the two predenervation values. Friedman two-way analysis of variance, short-cut analysis of variance, Wilcoxon matched-pairs, signedrank test, and Mann-Whitney U test was used. 15 -16 A significance level of 5% was chosen. Data in text and figures are expressed as mean±SEM.
Results

Renal Mechanoreceptor and Chemoreceptor Stimulation
The kidney weight of the clipped kidney was significantly less than that of the contralateral nonclipped kidney, 1.36±0.07 vs. 2.29+0.08 g or 0.0040±0.0002 vs. 0.0069±0.0003 g/g body wt (/?<0.01). Basal glomerular filtration rate, urine flow rate, and urinary sodium excretion from the clipped kidney were also significantly less than those from the contralateral nonclipped kidney: glomerular filtration rate, 0.30±0.05 vs. 0.69±0.6 ml/min/g; urine flow rate, 2.10±0.37 vs. 11.02±1.12 jul/min/g; and urinary sodium excretion, 0.29±0.11 vs. 1.67±0.23 ^.mol/min/g (/><0.01). Basal mean arterial pressure and heart rate were 159 ±5 mm Hg and 354 ±8 beats/min, respectively. Microscopic examination of the kidneys revealed ischemic structural damage in the clipped kidney. The nonclipped kidney was hypertrophied but otherwise normal.
Groups 1 and 2
Because basal values of systemic hemodynamics and renal function and the responses to renal MR and CR stimulation were similar, whether ipsilateral ARNA (group 1) or contralateral ERNA (group 2) was measured, the data have been pooled. The results are shown in Figure 1 . Renal MR and CR stimulation of the nonclipped kidney failed to affect ipsilateral ARNA and contralateral ERNA. Contralateral urine flow rate and urinary sodium excretion 7.0- increased slightly (p<0.01) during renal MR stimulation but did not return toward control values during the recovery period and remained unchanged during renal CR stimulation. Mean arterial pressure, heart rate, and contralateral glomerular filtration rate remained unchanged throughout the experiment. At the end of the experiment, the capability of the afferent and efferent renal nerves to respond to other stimuli, such as an intravenous injection of air or an intravenous injection of a pressor dose of norepinephrine, was tested. Ipsilateral ARNA increased from 1.4±0.9 to 4.1±2.2 resets/min (/?<0.05, n=6) in response to an intravenous injection of air. Contralateral ERNA decreased from 2.0±0.9 to 0.6±0.1 resets/min (p<0.05) in response to an intravenous injection of norepinephrine, 2 jig.
Groups 3 and 4
Because basal values of systemic hemodynamics and renal function and the responses to renal MR and CR stimulation were similar, whether ipsilateral ARNA (group 3) or contralateral ERNA (group 4) was measured, the data have been pooled. The results are shown in Figure 2 . Renal MR and CR stimulation of the clipped kidney did not affect ipsilateral ARNA, contralateral ERNA, or contralateral glomerular filtration rate, urine flow rate, and urinary sodium excretion. Similarly, mean arterial pressure and heart rate remained unchanged throughout the experiment.
At the end of the experiment an intravenous injection of air increased ipsilateral ARNA from 1.8±0.4 to 5.6±1.1 resets/min (/?<0.01, n=8), and an intravenous injection of norepinephrine, 2 fig, decreased contralateral ERNA from 2.2±0.6 to 0.8±0.3 resets/min (p<0.05, n=6).
Renal Denervation
The kidney weight of the clipped kidney was significantly less than that of the contralateral nonclipped kidney, 1 
Group 5
Denervation of the nonclipped kidney increased ipsilateral urinary sodium excretion by 0.84+0.41 iLimol/min/g (p<0.05) and decreased contralateral urinary sodium excretion by 0.05+0.02 /imol/min/g (p<0.05), as shown in Figure 3 . Ipsilateral urine flow rate increased from 8.0±0.7 to 13.1±1.6 /il/ min/g (/><0.05). The decrease in contralateral urine flow rate from 2.0±0.5 to 1.5±0.3 /xl/min/g did not reach statistical significance. Ipsilateral glomerular filtration rate was unchanged, 0.78 + 0.09 to 0.74±0.08 ml/min/g. Contralateral glomerular filtration rate was not measured due to the low urine flow rate. Mean arterial pressure and heart rate decreased after denervation of the nonclipped kidney, from 144±8 to 134±9 mm Hg and from 365±12 to 324±19 beats/min, respectively (p<0.05).
Group 6
Denervation of the clipped kidney increased ipsilateral urinary sodium excretion by 0.13±0.28 jumol/ min/g (p<0.01) and contralateral urinary sodium excretion by 0.80±0.37 (p<0.01), as shown in Figure 3 . Ipsilateral urine flow rate increased from 2.3±0.3 to 3.2±0.5 fil/min/g (p<0.05) and contralateral urine flow rate from 10.4±1.7 to 14.1±2.9 /il/min/g (p<0.05). Ipsilateral glomerular filtration rate, 0.49±0.08 ml/min/g, and contralateral glomerular filtration rate, 0.70+0.06 ml/min/g, were unchanged. Mean arterial pressure, 151 ± 10 mm Hg, and heart rate, 349 ±20 beats/min, did not change significantly during the experiment. Contralateral ERNA was measured in six of 11 rats. In five rats, renal denervation decreased contralateral ERNA from 17.6±5.7 to 12.4±3.4 counts/sec, a 29±6% reduction (p<0.05). In one rat, unilateral renal denervation resulted in a paradoxical increase in contralateral ERNA of 87%. In this rat, the increase in contralateral ERNA was associated with an initial fall in contralateral urinary sodium excretion.
Group 7
Denervation of either the left or right kidney increased ipsilateral urinary sodium excretion by 0.58±0.23 jumol/min/g and decreased contralateral urinary sodium excretion by 0.70±0.29 ;u,mol/min/g (/><0.01), as shown in Figure 3 . Ipsilateral urine flow rate increased from 14.5±4.5 to 17.5±3.9 /xl/ min/g (p<0.05). The decrease in contralateral urine flow rate from 15.1±3.6 to 10.1±2.4 jul/min/g did not reach statistical significance. Ipsilateral glomerular filtration rate, 0.86+0.06 ml/min/g, and contralateral glomerular filtration rate, 0.93+0.07 ml/ min/g were slightly decreased after ipsilateral renal denervation. Mean arterial pressure and heart rate decreased after renal denervation from 121 ±5 to 110±6 mmHg and 374±18 to 300+11 beats/min, respectively (p<0.05).
Discussion
There is considerable evidence for enhanced activity of the sympathetic nervous system contributing to the development and maintenance of hypertension in the two-kidney, one clip hypertensive rats. 8 ' 17 -18 Although increased activity of the reninangiotensin system has been implicated in the initial hypertensive response to clipping the renal artery in two-kidney, one clip hypertensive rats, the role of the renin-angiotensin system as the main or sole mechanism appears to diminish during the chronic phase of hypertension. 19 -20 Rather, there is evidence to suggest that central and peripheral neurogenic mechanisms interact in the development and maintenance of hypertension. Injection of angiotensin II antagonists intracerebroventricularly lowers arterial pressure at doses that have no effect when injected systemically in rats made hypertensive by occlusion of the aorta between the two renal arteries. 21 Renal denervation of the clipped kidney in two-kidney, one clip hypertensive rats lowers arterial pressure and plasma norepinephrine concentrations. 8 Furthermore, oral administration of clonidine, a centrally acting a 2 -adrenergic receptor agonist, lowers arterial pressure and plasma renin activity in two-kidney, one clip hypertensive rats. 22 Taken together these data suggest that hypertension in two-kidney, one clip hypertensive rats may be mediated through angiotensin-dependent central neurogenic mechanisms that are influenced by the afferent renal nerves.
The results of the present study demonstrate that renal MR and CR stimulation of either the clipped or nonclipped kidney fails to affect ipsilateral ARNA, contralateral ERNA, and contralateral urine flow rate and urinary sodium excretion in two-kidney, one clip hypertensive rats. Whereas renal denervation of the nonclipped kidney results in a decrease in contralateral urinary sodium excretion, renal denervation of the clipped kidney increases contralateral urinary sodium excretion. These results demonstrate that the inhibitory renorenal reflex responses to renal MR and CR stimulation of either the nonclipped or clipped kidney are impaired. In addition, these data suggest that the inhibitory renorenal reflex influences on basal sympathetic nerve activity to the opposite nonclipped kidney are absent in the two-kidney, one clip hypertensive rats. The lack of an inhibitory renorenal reflex from the clipped kidney may contribute to the enhanced peripheral sympathetic nervous system activity characteristic of the renovascular hypertensive rat.
In the present study, mean arterial pressure averaged 156±4 mm Hg (n=48) in two-kidney, one clip hypertensive Sprague-Dawley rats 4 weeks after clipping one renal artery. This value is significantly higher than that observed in nonclipped SpragueDawley rats of similar age and body weight and exposed to similar anesthesia and surgery, 116±2 mm Hg (n=33). 1 In agreement with previous findings, 19 urinary sodium excretion from the nonclipped kidney, 1.46±0.17 /ttmol/min/g, was significantly higher than that from the contralateral clipped kidney, 0.24±0.07 ^imoi/min/g (n=48), but was not different from that from nonclipped kidney in control rats, 1.89±0.68 jumol/min/g. Although controversy exists 19 whether plasma volume is increased in two-kidney, one clip hypertensive rats, the fact that plasma volume is comparable with that in normotensive nonclipped rats and not subnormal suggests that renal excretory function is altered. In fact, both the clipped and nonclipped kidneys exhibit shifts in the pressure natriuresis curve such that either kidney can excrete a given sodium load only at a relatively higher blood pressure than normal kidneys. 19 Renal MR and CR stimulation of the nonclipped or clipped kidney failed to affect ipsilateral ARNA, contralateral ERNA, and contralateral renal excretory function in two-kidney, one clip hypertensive Sprague-Dawley rats. It is unlikely that the slight increases in contralateral urine flow rate and sodium excretion observed during renal MR stimulation of the nonclipped kidney are related to stimulation of renal MR since contralateral urine flow rate and sodium excretion remained increased during the recovery period when ureteral pressure was returned to zero. The present findings are in sharp contrast to our previous studies in normotensive nonclipped Sprague-Dawley rats in which renal MR and CR stimulation of similar magnitude as that applied in the present study elicited a contralateral inhibitory renorenal reflex response with contralateral diuresis and natriuresis. 1 In the present study, ipsilateral ARNA increased and contralateral ERNA decreased in response to intravenous injection of air and norepinephrine, respectively, demonstrating that the lack of an effect of renal MR and CR stimulation was specific for the stimuli applied. It may be argued that the impairment of the renorenal reflexes may be related to the decreased renal catecholamine content and decreased responsiveness to neural stimuli observed in renal vascular hypertensive animals. 23 However, the evidence concerning decreased renal responsiveness to neural stimuli derives from studies on the renal vasculature. The data from the present study, which show no difference in the percent increase in ipsilateral urinary sodium excretion produced by unilateral renal denervation between the control rats and the twokidney, one clip hypertensive rats do not support the view that the impairment of the renorenal reflexes is related to decreased renal responsiveness to changes in renal nerve activity. Rather, it may be proposed that the impaired renorenal reflexes are related to structural changes in the clipped and nonclipped kidney related to ischemia and elevated renal perfusion pressure, respectively. An increased wall-to-lumen ratio in the interlobular arteries and thickening of the intima in arcuate and interlobular arteries have been shown in the nonclipped kidney in two-kidney, one clip hypertensive rats. 24 Furthermore, the findings in the present study are similar to our previous findings in untreated adult SHR, 5 which showed that the impairment of the renorenal reflex responses to renal MR and CR stimulation in SHR was related to the elevated blood pressure. 6 Renal denervation of either kidney in the normotensive control group resulted in an increase in ipsilateral urinary sodium excretion and a decrease in contralateral urinary sodium excretion. The magnitudes of the increase in ipsilateral urinary sodium excretion and decrease in contralateral urinary sodium excretion after unilateral renal denervation were similar, resulting in no change in total urinary sodium excretion from both kidneys. These findings are in agreement with previous studies in volumeexpanded normotensive rats that showed that the decrease in contralateral urinary sodium excretion after unilateral renal denervation was associated with an increase in contralateral ERNA.
-
4 Renal denervation of the nonclipped kidney in the twokidney, one clip hypertensive rats showed a similar response to that observed in normotensive rats (i.e., an increase in ipsilateral urinary sodium excretion and fall in contralateral urinary sodium excretion). Mean arterial pressure and heart rate were decreased after unilateral renal denervation in both groups. Because the magnitude of the reduction of mean arterial pressure and heart rate was greater in the normotensive control rats (group 7) than in the nonclipped kidney renovascular hypertensive rats (group 5), it is not likely that the decreases in these parameters are necessarily related to the presence of renal vascular hypertension. In the two-kidney, one clip hypertensive rats, the fall in contralateral urinary sodium excretion after unilateral renal denervation of the nonclipped kidney was significantly smaller than the increase in ipsilateral urinary sodium excretion, resulting in a net total loss of excreted sodium. Although this may be related to a central abnormality of the reflex control of ERNA, 25 it is more likely related to the low basal value of urinary sodium excretion from the contralateral clipped kidney. The presence of a renorenal reflex response to unilateral renal denervation of the nonclipped kidney in the two-kidney, one clip hypertensive rats would suggest that the impairment of the renorenal reflex responses to renal MR and CR stimulation is localized to the nonclipped kidney and not due to an impairment in the more central or efferent portions of the renorenal reflex arc. Of interest in this context is the study by Protasoni et al, 26 which showed the presence of a renorenal reflex response to unilateral renal denervation in adult hypertensive SHR.
In contrast to the contralateral antinatriuretic response to denervation of the nonclipped kidney, acute unilateral renal denervation of the clipped kidney resulted in an increase in both ipsilateral and contralateral urinary sodium excretion. The increase in contralateral urinary sodium excretion was associated with a fall in directly measured contralateral ERNA. Previously, Katholi et al 8 showed that chronic denervation of the clipped kidney 7 weeks after clipping in two-kidney, one clip hypertensive rats lowered plasma norepinephrine concentration to control levels and decreased peripheral sympathetic nervous activity to levels present in normotensive rats as judged by the depressor response to the ganglionic blocker, hexamethonium. Our acute unilateral renal denervation increases urinary sodium excretion from both kidneys without changing mean arterial pressure, whereas Katholi et al 8 observed a fall in mean arterial pressure 2-3 days after unilateral renal denervation, which probably accounted for the transient fall in urinary sodium excretion. The differences in results may be explained by the differences in the experimental design of the two studies. In the present study, it is not likely that the natriuretic response to denervation was solely related to anesthesia since denervation natriuresis has also been shown in volume-expanded conscious rats 27 in which renal nerve activity is low.
There is considerable evidence for a role of the afferent renal nerves in the maintenance of hypertension in the one-kidney, one clip hypertensive rats. 18 Arterial pressure is reduced by renal denervation as well as by ipsilateral dorsal rhizotomy. Furthermore, the fall in arterial pressure is associated with a fall in hypothalamic norepinephrine content and plasma concentration of norepinephrine. Several studies have focused on the stimulus to afferent renal nerve activity in the clipped kidney. Microscopic examination of the clipped kidney revealed ischemic structural damage in the present study. Renal ischemia with decreased renal blood flow increases the release of adenosine by proximal tubular cells 28 and urinary adenosine concentration is significantly higher in one-kidney, one clip hypertensive rats compared with control rats. 29 Studies in dogs and rats 30 -32 have shown that administration of adenosine intrarenally results in increases in ipsilateral ARNA, contralateral ERNA, plasma norepinephrine concentration, and mean arterial pressure, which are abolished by ipsilateral renal denervation. Furthermore, intrarenal administration of adenosine deaminase reduces mean arterial pressure in one-kidney, one clip hypertensive rats. Taken together, these studies suggest that the increased urinary adenosine concentration derived from ischemic kidneys activates afferent renal nerves, which in turn results in increased peripheral (renal) sympathetic nerve activity.
In summary, the results from the present study show that renal MR and CR stimulation of the nonclipped or clipped kidney failed to elicit a renorenal reflex response in two-kidney, one clip hypertensive rats. The data suggest that the impairment of the renorenal reflexes in the nonclipped kidney is related to the elevated renal perfusion pressure, whereas the impairment of renorenal reflexes in the clipped kidney is related to ischemic structural damage. Since the nature of the inhibitory renorenal reflexes in normotensive rats is that of decreased ERNA and a diuresis and natriuresis, an impairment of the inhibitory renorenal reflexes would result in a lesser decrease or possibly an increase in ERNA leading to renal water and sodium retention. Furthermore, the data show that denervation of the clipped kidney results in an increase in both ipsilateral and contralateral urinary sodium excretion. These findings, together with those of Katholi et al, 8 suggest that the contralateral natriuretic response to ipsilateral renal denervation is the result of a decrease in contralateral ERNA. The lack of inhibitory renorenal reflexes from the clipped kidney supports the hypothesis that the afferent renal nerves from the clipped kidney contribute to the hypertension in two-kidney, one clip hypertensive rats by enhancing efferent (renal) sympathetic nervous activity.
